In our work we combined experimental and theoretical investigations of the relaxation dynamics of the single wall carbon nanotubes (SW-CNTs) in solution samples with enriched chiralities of (7,5) and (7,6) species. In two-color pump-probe studies we observe three-exponential decay in the differential transmission spectra in the range of few picoseconds, tens of picoseconds, and hundreds of picoseconds. Decay curves are very similar for both SW-CNT chiralities under resonant excitation and probing of excited and ground state transition energies, respectively. Both types of tubes exhibit no changes in decay for the different excitation energies in the range ±50 meV around the excited state. By tuning the probe pulse towards energies higher then ground state (up to +350 meV) we observe acceleration of the first decay component from 5.8 ps down to 1.6 ps. Our experimental results are supported by time resolved microscopic calculations based on carbon nanotube Bloch equations proving the fast decay component behavior being dominated through scattering with acoustic phonons.
I. INTRODUCTION
Since the discovery of carbon nanotubes the substantial fundamental studies of their optical and electronic properties have been conducted, both experimentally and theoretically [1] [2] [3] . Carbon nanotubes also offer tremendous potential for the real life application devices development, such as microscopic nanotube conducting fibers [4] , mechanical damping foam [5] , mechanical and optical sensors [6] , and other nanoscale optoelectronic devices [7, 8] . A crucial point for the successful design of the last one is the thorough microscopic understanding of the ultrafast relaxation dynamics of nonequilibrium charge carriers of the tubes.
Many experiments on carrier relaxation dynamics in tubes have been conducted in a last decade exhibiting very different relaxation times which are rising from 40 fs [9, 10] all the way up to microseconds [11] , with steps at few hundred femtoseconds, few, tens and hundreds of picoseconds, as well as few nanoseconds. The explanation for these relaxation behavior is multiple. For example, the 40 fs time constant reported by Lanzani et al. [10] is assigned to decay of the second exciton into the first exciton. Exciton-exciton annihilation and low-energy phonons are discussed in Ref. [12] , where the relaxation dynamics is reported at the time scale of a few hundred of femtoseconds, few, tens and hundreds of picoseconds. Decay times in ranges 0.3-1.2 ps and 5-20 ps reported by Ostojic et al. [13] are assigned to intraband and interband carrier recombination, respectively. Subpicosecond to picosecond components are often assigned to the relaxation in tube bundles [14, 15] . The microsecond relaxation observed by Park et al. [11] is assigned to the triplet excited-state lifetime. In our previous work we observe the three exponential decay for four different species of single wall carbon nanotubes (SW-CNTs) in the solvent sample, and we show that the fast component of the relaxation dynamics τ 1 (in the range between 6 and 15 ps) is in a good agreement with theoretically predicted intraband scattering times with acoustic phonons [16] .
One of the crucial difficulties for tubes studies is that the standard samples contain a diversity of SW-CNT species with different diameters and transition energies. Therefore even resonant excitation and probing of a selected tube species in pump-probe experiment is likely to cause the mixture of signals rising from different tube species with similar transition energies. Taking into account the diameter dependence of the theoretically predicted intraband scattering [16] , as well as influence of the dielectric environment of the tubes onto relaxation dynamics [17, 18] , analysis and comparison of the experimental results can become nontrivial. One way around this problem is a single tube experiment, for example, individual metallic tubes have been studied by Gao et al. in Ref. [17] and exhibit hundreds of fs and ∼10 ps energy relaxation dynamics. The other way is to investigate chirality enriched samples with a high percentage of one tube species.
In this paper we combine top level "cooking" technique of the chirality-enriched SW-CNT sample preparation, theoretical calculations, and sophisticated two-color pump-probe measurements in order to investigate relaxation dynamics in SW-CNT. In our energy-selective two-color pump-probe measurements we study dependency of relaxation dynamics on excitation and probing energies and discover the acceleration of the fast (few picoseconds) decay component for higher probe energies. This acceleration we describe by theoretical findings. In addition we report no significant changes of the relaxation for different pump energies, which is also supported by theoretical calculations.
II. EXPERIMENT
Here we investigate two SW-CNT samples with chirality enriched (7, 5) and (7, 6) tubes, in the following referred to as "(7,5)-sample" and "(7,6)-sample," respectively. We prepare the SW-CNT following the same procedure we have published previously (see Refs. [19] and [20] ) which is a gel based method demonstrated by Kataura and co-workers [21] . Briefly, 100 mg of HiPco SW-CNT in powder form is weighed and dispersed in 100 ml of 2 % wt aqueous sodium dodecyl sulfate (SDS) solution via sonication at 20 W for 20 hr using a 1/2 tip and photoluminescence intensity for the 1.934 eV excitation energy (blue curves) of the (7,5)-and (7,6)-samples, (a) and (b), respectively. In (a) with violet dots the intensity of the luminescence at the energy of 1.205 eV for 14 different excitation energies is shown; the solid line depicts the Gaussian fitting curve. Analogous in (b) with orange, violet, and pink dots the intensity of the luminescence at the energy of 1.101 eV, 1.209 eV, and 1.297 eV, respectively, are shown; the solid lines of according colors depict the fitting curves. Horizontal arrows indicate first and second exciton energy ranges of semiconducting tubes (S 1 and S 2 ) and first exciton range of metallic tubes (M 1 ).
sonicator. This sample is then ultracentrifuged at 187,000 × g for four hours. The 100 ml SW-CNT solution is passed through 14 ml of 2% wt SDS equilibrated Sephacryl at a rate of 3 ml/min. The flowed through SW-CNT solution that is passed through the column is collected in a separate container to iterate this procedure with. The column is then washed with 20 ml of 2% wt SDS solution and eluted with 20 ml of 5% wt SDS solution also at 3 ml/min. The process is then iterated over several columns.
Absorption and luminescence curves of (7,5)-and (7,6)samples studied in the present paper are shown in Figs. 1(a) and 1(b), respectively. Absorption curves of both samples represent few pronounced peaks in the energy range which is associated with first exciton transition energy of the semiconducting tubes (denoted with S 1 ). For the (7,5)-sample [ (7, 6) -sample] the most pronounced absorption peak in S 1 region corresponds to the E 11 transition energy of the (7, 5) [ (7, 6) ] tube. In the region of the second exciton transition energies of the semiconducting tubes (denoted with S 2 ) the most pronounced absorption peak of the (7,5)-sample corresponds to the E 22 transition energy of (7,5) species, in spite of the (7,6)-sample, where the pronounced absorption corresponds to three species at once: (7,6), (7, 5) , and (8, 3) . Absorption measurements were performed using a Shimdzu UV-310PC spectrometer at a spectral resolution of 1 nm.
We estimate the chiral purity of the (7,5) [ (7, 6) ] species for the (7,5)-sample [ (7, 6) -sample] to be 49% [24%], which means that at least the half (quarter) of the tubes presented in the (7,5)-sample [(7,6)-sample] are (7,5) [(7,6)] species. The chiral purity was estimated by integrating under the area of fitting the absorbance profiles to Lorentzian curves in the E 11 region after subtracting a linear background as was done in Ref. [19] .
The characterization of chirality enriched samples is done by the widely used photoluminescence excitation spectroscopy (PLE) method [22] . For the PLE experiment we use pulsed titanium sapphire laser (Ti:Sa) in combination with optical parametric oscillator (OPO); the excitation energies were tuned from 1.819 to 2.035 eV (that corresponds to the wavelength region from 609 to 682 nm) with step size between 11 and 26 meV (average step size 19 meV) in order to reach over all 14 different excitation energies. Examples of the luminescence curves for both samples are presented in Fig. 1 . For more of a description of the experimental technique, see our earlier work [23] .
In Fig. 2 experimentally measured PLE maps for the (7,5)-and (7,6)-samples are shown, labeled as (a) and (b), respectively. The points of high intensities are assigned to the (7,5) tube for the (7,5)-sample, and to (7,6), (7, 5) , and (8,3) tubes for the (7,6)-sample. The vertical intensity profiles of both PLE maps at the emission energy of the peaks are shown with dots in Fig. 1 , along with Gaussian fitting curves. Thus we determine transition energies E 11 and E 22 for the tubes presented in both samples (energies are listed in Table I ), which we further use to select pump and probe energies in two-color pump-probe measurements.
To perform energy-selective pump-probe experiments we use two synchronized laser systems as well as OPO, which allow us to tune pump and probe independently in a wide energy range and achieve desired wavelength combinations. In this paper we used two set-up configurations. Most of the measurements are done in the first configurations: The Ti:Sa laser serves as the master laser and is used to pump the OPO, which in its turn is used as a pump arm of the experiment (standard tunability range from 500 to 760 nm with a full width at half maximum (FWHM) of about 6 nm, pulse duration of about 150 fs, and repetition rate of 75.4 MHz). In this paper we used three excitation wavelengths (about 625, 645, and 660 nm), which correspond to 1.982, 1.923, and 1.880 eV with FWHM of 8 meV (the error bar of the central energy definition is about 2 meV). The pulse duration of the pump is determined to be 190 fs, by autocorrelation measurement. A fiber laser serves as the slave laser and is used for the probe arm (standard tunability range from 900 nm to 1.3 μm). We perform the control of the temporal pulse shape of the fiber 155402-2 laser by an external pulse shaper and detect it with commercial autocorrelator. In this paper we tuned the fiber laser mainly to tree probing wavelengths (about 1125, 1025, and 997 nm), which correspond to 1.102, 1.209, and 1.244 eV with FWHM of 8 to 10 meV (the error bar of the central energy definition is about 1 meV). The pulse duration of the fiber laser after the pulse shaper was kept below 300 fs. The used synchronization unit provides a time jitter in the range of 0.5 ps.
In a second configuration we use the OPO (in the same way) as a pump arm, but as a probe arm we take an output of the Ti:Sa laser. The OPO is based on periodically polled (PP) crystal which structure defines the pump wavelength of the OPO. We use two PP crystals with different poling periods and therefore reach two different probe wavelengths (about 793 and 837 nm) in the pump-probe experiment. Thus we tune the probe energies as high as 1.481 and 1.563 eV (±1 meV), with FWHM of 8 meV and pulse duration of about 200 fs. In both configurations in order to obtain a high sensitivity of the setup, the lock-in technique combined with balance detection is applied. The modulation of the pump beam is performed by an acousto-optical modulator (AOM) at a frequency of about 127 kHz to suppress noise.
The standard experimental pump-probe curve is shown in Fig. 7 and is discussed in Sec. IV A. All pump-probe curves, observed in our experiments, show three-exponential behavior with the few picosecond, tens of ps, and hundreds of ps to nanoseconds decay components. In this paper we focus our research on the first and the second decay components. Therefore all the curves shown here are limited by first 50 to 100 picoseconds of the decay curves, the background of the negative part of the curves is subtracted and signal is normalized to one at zero delay time.
III. THEORY
To understand the experiments, we carried out microscopic calculations based on carbon nanotube (CNT) Bloch equations including electron-phonon scattering applied to the specific nanotubes investigated here [24] [25] [26] [27] . For modeling the performed experiments, we extend our calculations to a four-band CNT model including the optical allowed E 11 and E 22 transitions. To describe the dynamics of optically excited electrons we include their coupling to optical and acoustic phonon modes explicitly taking into account inter-and intrasubband relaxation channels. The laser pump process enters via a semiclassical carrier-light coupling. Applying the Heisenberg equation of motion for the relevant experimental quantities, we derive coupled equations for the microscopic polarization p k = a + V 2 k a C 2 k and carrier occupations ρ λ k = a + λk a λk with λ = C 1 ,C 2 denoting the two energetically lowest conduction subbands, see Fig. 3 . Treating the electron-phonon scattering terms up to second order Born-Markov approximation [3, 26] we obtain:
with
the Rabi frequency, with A(t) as the vector potential. The optical matrix element
is based on tight binding wave functions containing the selection rules and the strength for the optical E 22 transition [28, 29] . As a first approach on the relaxation problem, the phonon-assisted intra-and intersubband scattering is assumed to be dominated by electron/hole-phonon interactionρ λ k | sc , p k | deph , i.e., we assume that due to strong dielectric screening of the surrounding medium excitonic effects do not have a significant qualitative influence on the observed relaxation behavior [23, 30] .
The basic processes included in Eqs. We calculate the electron-phonon interaction terms as follows:ṗ
where the phonon induced dephasing of the polarization splits up into a diagonal
and an off-diagonal term
with Pauli blocking and phonon emission and absorption contributions:
with n γ q± = n γ q + 1 2 ± 1 2 and k = k ± q. Details on the matrix elements and further analytical treatment can be found in Ref. [26] .
For the explicit evaluation of Eq. (4) optical and acoustic phonon modes at the K point are considered. Other CNT specific phonon modes like the radial breathing and twisting mode have less impact through their much weaker electronphonon coupling elements [31] . Following the derivation of the electron-phonon coupling (EPC) elements for graphene in the work of Piscanec et al. [32, 33] , it turns out that for CNTs intraband scattering is only possible with TO phonons. We assume this to be valid also for interband scattering within the conduction subbands. The EPC for (7, 6) tube displaying that the dynamics remains nearly unaffected. investigated (7, 5) tube. Already during the action of the pulse, the distribution relaxes during the first hundred femtoseconds through intersubband scattering via optical phonons ( TO) into the lower subband C 1 generating the occupation peak at 0.77 eV after 1 ps and directly reflects the experimental rise time. For this, the dominant process is the emission of optical phonons with the energy T O q 0 = 192 meV. The intraband scattering within the lowest subband C 1 via LA phonons leads to a Fermi distribution on a picosecond timescale, cp. the thermal occupation after 5 ps in Fig. 4 . The average relaxation times at certain probe energies can be obtained by exponential fits of the temporal decay of the electronic distribution.
A detailed analysis shows that the relaxation times only weakly depend on the pump energy, since the relaxation dynamics does not depend on the optically induced initial carrier occupation. Indeed, Fig. 5 shows that the change of the initial energetic position of the nonequilibrium carrier distribution determined by the pump energy has no significant impact on the following redistribution process in the C 1 band driven with TO phonons by the fast intersubband scattering. On the other hand, Fig. 6 shows that varying the probe photon energies at fixed pump energy significantly changes the relaxation dynamics. When probing at higher energies in the subband C 1 , cp. Fig. 3 , the phonon momentum transfer q for an allowed scattering process via acoustic phonons is increased. Therefore, the linear q dependence of the acoustic EPC |g LA CNT (q)| 2 ∝ |q| results in stronger coupling, and the decay of the carrier population is accelerated leading to decreasing relaxation times, as observed in Fig. 6 . Thus, the observed acceleration of the temporal decay can be viewed as an indication of intraband scattering with acoustic phonons.
IV. RESULTS AND DISCUSSION

A. Decay curves under resonant to the tubes transition energies pumping and probing
In this subsection we present the results of the resonant pump-probe measurements, where the excitation is tuned FIG. 6. Relaxation time vs probe energy at the constant pump energy of 1.92 eV corresponding to E 22 transition for the (7, 5) tube illustrating an acceleration of the dynamics towards higher energies (here = E probe − E (7,5) 11 ).
resonant to E 22 transition energy and probing is resonant to the E 11 transition energy of the certain tube species. Figure 7 presents a differential transmission (DT) signal for both sets of samples: (7,5)-sample pumped at E 22 and probed at E 11 transitions of (7,5) tubes (black curve) and (7,6)-sample pumped at E 22 and probed at E 11 of (7,6) and (7,5) tubes accordingly (red and green curves). For these experiments the pump energy for all three curves was tuned to 1.924 eV (±2 meV), with FWHM 8 meV. The probe energies for the black and green curve were 1.209 eV (±1 meV), with FWHM 8 meV, and for the red curve 1.102 eV (±2 meV), with FWHM 10 meV. Since the luminescence and absorption peaks are quite broad (see Figs. 1 and 2) , we assume these conditions to correspond to the resonant pump-probe measurements for each DT curve.
In the inset the three-exponential fitting curve of the differential transition signal of the (7,5) tubes [in (7, 5) -sample] is shown. As for all pump-probe curves, which will be shown in the following sections, in Fig. 7 the differential transmission pump-probe signal is shown at the vertical logarithmic scaled axis, and the time delay between pump and probe pulses at the horizontal axis.
The black and red curves in Fig. 7 (corresponding to resonant pump-probe curves of (7,5) tubes in (7,5)-sample and (7, 6) tubes in (7,6)-sample, respectively) show similar, if not identical, relaxation dynamics. Such behavior is expected, since (7,5) and (7, 6) tubes have similar chirality angles, very close radii, as well as transition energies (see Table I ), thus we believe their decay dynamics should be quite similar as well [26] . The green curve in Fig. 7 , corresponding to resonant pump-probe curves of (7,5) tubes in (7,6)-sample, exhibit slightly faster initial decay dynamics than the other presented curves. Although the acceleration is fairly small, it is obvious and can be caused by the intermixing of two signals: the signal (i) stemming from (7, 5) tube and (ii) from the (7, 6) tube, probed at the energy equal to the transition energy E 11 of the (7, 5) tube (E (7, 5) 11 ), which is higher by about 100 meV than the E 11 transition energy of the (7,6) tube (E (7, 6) 11 ). In support 155402-5 (7, 5) species in both (7,5)and (7,6)-samples (black and green curves, respectively) and of the (7, 6) species in the (7,6)-sample (red curve). On the inset an example of the tree-exponential fit of the experimental curve is presented. of this presumption, our calculations (see Chap. III) as well as our experimental results (see Chap. IV C) evidence, that the SW-CNTs carrier relaxation is accelerated when probed at the higher energies. However, such processes as energy transfer between tubes could also result in a similar effect. More research is required in order to distinguish between these effects.
B. Pump energy tuning
In order to exclude potential influence of the pump energy on the observed relaxation dynamics we perform pump-probe experiments with fixed probe energy and three different pump energies. The probe energy is equal to 1.102 eV ( E (7, 6) 11 , within an error bar), and pump energy being tuned to 1.982, 1.923 ( E (7, 6) 22 , within an error bar) and 1.880 eV (see green, red, and purple curves in Fig. 8, respectively) .
In spite of relatively large energy tuning range (±50 meV), we observe no appreciable changes in the differential transmission signal for different pump energies. Theoretical calculations support our experimental results for the first picosecond decay component, which shows no significant difference depending on the pump energy, revealing that the energy point where the pumped nonequilibrium electrons enter has no influence on the further decay strength of the carrier population (see Chap. III for more details). Indeed the τ 1 calculated for the pump energies detuned from the E 22 resonance of the (7,6) tube for the same values as in experiment exhibit no significant variations (see Fig. 5 ).
C. Probe energy tuning
In this subsection we present our investigation of the relaxation dynamics dependency on the probe energy. The measurements were conducted on the (7,5)-sample, pumping energy. Energy of the pump pulse is tuned to 1.982, 1.923 (close to E (7, 6) 22 ) and 1.880 eV (green, red and purple color respectively).
at the 1.924 eV ( E (7, 5) 22 ), and probing at four different energies: 1.209 ( E (7,5) 11 ), 1.244, 1.481, and 1.563 eV. In Fig. 9 two differential transmission signals for the lowest and the highest probe energies (black and blue curve, respectively) are shown. In accordance with theoretical calculations we observe an acceleration in the differential transmission signal with tuning the probe energies toward the higher values, denoted with arrow in Fig. 9 .
In Table II the offset of the probe energy according to the (7,5) tubes E 11 transition energy ( ) are shown in Table II as well. The first decay component exhibits similar values and equivalent dependency on the as theoretically calculated relaxation times (τ theor ) which are related to stronger acoustic phonon coupling for probing at higher energy points in the band structure. Thus we present the evidence that the few picosecond dynamics observed in our experimental studies is caused by the scattering of the carriers with acoustic phonons. In addition, for chirality-enriched samples the experimentally observed τ exp 1 is quantitatively better described by theoretically calculated relaxation dynamics, if compared to the ensemble samples (see Ref. [16] ). However, the focus of our theoretical study lies on a qualitative understanding of the elementary scattering processes and our calculations, based on microscopic Bloch equations, do not include adjustable parameters.
The quantitative deviations of the predicted scattering times with the experimentally observed ones can probably be traced back to neglected excitonic effects and the missing interaction with the surrounding medium.
The second and the third relaxation times also show acceleration for the higher energy probing. However, for the probing at 1.481 eV we observe higher acceleration of the τ exp 2 , as for the probing at 1.563 eV. We believe that the 1.481 eV energy could be in resonance to some triplet state since it hits about 300 meV above the E 11 transition energy (see Ref. [36] ) and therefore could exhibit a singularity in the behavior.
V. SUMMARY
We have studied the relaxation dynamics in chiralityenriched SW-CNTs by two-color pump-probe. We demonstrate the acceleration of relaxation dynamics for probing at higher energies from the E 11 transition while keeping the pump energy fixed to E 22 transition energy. We also found that the dynamics is independent on the pump energy while probe energy is kept constant. The results fit well to the presented theoretical investigations revealing that acoustic phonons have the main impact to the observed relaxation times in the range of a few picoseconds while optical phonons enable intersubband scattering.
